For almost a quarter of a century, the Tevatron proton-antiproton collider was the centerpiece of the world's high energy physics program -from the start of operation in December of 1985 until it was overtaken by the LHC in 2011. The initial design luminosity of the Tevatron was 10 30 cm -2 s -1 , however as a result of two decades of upgrades, the accelerator has been able to deliver 430 times higher luminosities to each of two high luminosity experiments, CDF and D0. On the way to record high luminosities, many issues related to the electromagnetic beam-beam interaction of colliding beams have been addressed. Below we present a short overview of the beam-beam effects in the Tevatron.
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BEAM-BEAM EFFECTS IN RUN I
(For a detail history of the Tevatron accelerators, performance and upgrades -please see [1] .) In 1978 Fermilab decided that proton-antiproton collisions would be supported in the Tevatron, at a center-of-mass energy of 1800 GeV and that an Antiproton Source facility would be constructed to supply the flux of antiprotons needed for design luminosity of 1×10 30 cm -2 sec -1 . were delivered to CDF at 1800 GeV (center-of-mass).
The initial operational goal of 1×10 30 cm -2 sec -1 luminosity was exceeded during this run. The Collider Run I took place from August of 1992 through February 1996 and employed 6 bunches in each beam on separated orbits (22 electrostatic separators aimed at mitigating the beam-beam limitations were installed by 1992). Antiproton source improvements supported an accumulation rate of 7×10 10 antiprotons per hour. Run I ultimately delivered a total integrated luminosity of 180 pb -1 to both CDF and D0 experiments at √s = 1800 GeV. By the end of the run the typical luminosity at the beginning of a store was about 1.6×10 31 cm -2 s -1 , a 60% increase over the Run I goal. -beam footprint  covers almost all available tune space between 3/7  th and  2/5 th resonances -see Fig.1 (note that later, after installation of the low-beta insertions for the Run I, the WP was established above half-integer); that the beam loss rates are strongly dependent on the tunes and ξ -see Other effects observed were -antiproton emittance blowup, transverse halo growth in antiprotons, high losses in both beams [2, 3] . It was expected that in the Collider Run II operation with 36 bunches in each beam, with much higher antiproton intensity (and, consequently, luminosity) the antiproton helical orbits and tunes will vary significantly from bunch to bunch. The distribution of the antiproton tunes vs longitudinal bunch position has been measured in a dedicated study and found to be in a decent agreement with theory [4] . The scale of expected beam-beam effect was not very clear at that time, and as safety measure the project of beam-beam compensation with electron lenses has been started [5] . 
BEAM-BEAM EFFECTS IN RUN II
(For the most comprehensive reviews of the beambeam effects in the Tevatron Collider Run II -please, see [6, 7] . τ=7.4 hr and N 0 =55.7 10 9 , τ=69.8 hr, respectively [6] .
During the Collider Run II, beam losses during injection, ramp and squeeze phases were mostly caused by the long-range beam-beam effects. Early in Run II, the combined beam losses in the Tevatron alone (the last accelerator out of total 7 in the accelerator chain) claimed significantly more than half of the integrated luminositysee Fig.5 . Due to various improvements, the losses have been reduced significantly down to some 20-30% in 2008-2009, paving the road to a many-fold increase of the luminosity. In "proton-only" or "antiproton-only" stores, the losses do not exceed 2-3% per specie. So, the remaining 8-10% proton loss and 2-3% antiproton loss is caused by beam-beam effects, as well as some 5-10% reduction of the luminosity lifetime in collision.
The particle losses for both beams on the separated orbit were driven by diffusion and exacerbated by limited longitudinal and/or transverse apertures. The intensity decay was well approximated by [6] : (2) The t -dependence has also been observed for the bunch length "shaving" (slow reduction of the rms bunch length); while transverse emittances do not exhibit such dependence and usually either stayed flat or grew slightly. Notably, the proton inefficiencies were higher than the antiproton ones, despite the factor of 3-5 higher proton intensity. That was due to significantly smaller antiproton emittances (see Eq. (2) 
where M stands for bunch position in bunch train (illustrated in Fig.11) . In order to avoid large emittance ratio ε p /ε a , the antiproton emittances are routinely diffused at the beginning of HEP stores by a wide band transverse noise to a directional strip line, so the ratio is kept about 2.6-3. Factor F in Eq.(4) is to indicate strong dependence of the losses on the second order betatron tune chromaticity
Numerical modelling [7] -that was later confirmed by experimentsshowed that the deterioration of the proton life time was caused by a decrease of the dynamical aperture for offmomentum particles due to head-on collisions (Fig.12 ). It was discovered that the Tevatron optics had large chromatic perturbations, e.g. the value of β * for offmomentum particles could differ from that of the reference particle by as much as 20%. Also, the high value of second order betatron tune chromaticity Q"=d 2 Q/d(∆p/p) 2 generated a tune spread of ~0.002. A rearrangement of sextupole magnet circuits in order to correct the second order chromaticity was planned and implemented before the 2007 shutdown and led to some 10% increase in the luminosity integral/store -see Fig13.
Figure 13: Luminosity integral normalized for 24 hrs store vs. initial luminosity. Blue points and curve -before the 2 nd order chromaticity correction, red -after the correction. Black line represents the maximum possible luminosity integral for the given beam parameters in the absence of beam-beam effects [7] .
The collider luminosity lifetime is determined by the speed of the emittance growth, beam intensity loss rates and bunch lengthening (that affects hour-glass factor H): The luminosity integral I=∫Ldt -the sole critical parameter for HEP experiments -depends on the product of peak luminosity and the luminosity lifetime, e.g. for a single store with initial luminosity L 0 and duration T~16 hours, the integral is I≈L 0 τ L ln(1+ T /τ L ). Therefore, the full impact of the beam-beam effects on the luminosity integral should include beam-beam driven proton and antiproton losses at the injection energy (about 5% and 1%, correspondingly), on the energy ramp (2% and 3%), and in the low-beta squeeze (1-2% and 0.5%) which proportionally reduce the initial luminosity L 0 . So, altogether, at the last operational stage of the Tevatron collider present, the beam-beam effects reduce the luminosity integral by 23-33% -see Fig. 14.
The Tevatron Collider performance history analysis [9] shows that the luminosity increases occurred after numerous improvements, some were implemented during operation and others were introduced during regular shutdown periods. The actions which helped us to keep the beam-beam effects under control during the Run II operations included : i) at injection, ramp and low-beta squeeze: opened apertures (replaced magnets), increased helix size S, chromaticity Q' reduction (with help of the transverse dampers and octupoles), optimization of the helices (many times), improved emittances from the injectors; ii) at low beta (in collision stores): the use of additional separators, helix optimization (increased separation at the 1st LR IPs), reduction of the chromaticity Q', pbar transverse blowup, tune stabilization; reduction of the chromatism of betafunction (Q"); iii) trustable beam-beam simulations; iv) operational machine stabilization: stable (repeatable) intensities and emittances from injectors, drastically stabilized Tevatron; v) outstanding development of the beam diagnostics: there were 3 cross calibrated instruments for the tune measurements, three types of the emittance monitors, 3 intensity monitors, two luminosity monitors, several types of the BPMs [10] .
BEAM-BEAM COMPENSATION, TELS
(Detail description of the TELs and results of the beam-beam compensation studies can be found in Refs. [5, 11, 12, 13] ). Electron lenses employ electro-magnetic fields of strongly magnetized high intensity electron beams and were originally proposed for compensation of the head-on and long-range beam-beam effects in the Tevatron [5] -see Fig.15 . The lens employs a low energy beam of electrons which collides with the highenergy proton or antiproton bunches over an extended length. Electron space charge forces are linear at distances smaller than the characteristic beam radius r<a e but scale as 1/r for r>a e . Correspondingly, such a lens can be used for linear long-range beam-beam and nonlinear head-on beam-beam force compensation depending on the beam-size ratio a e /σ and the currentdensity distribution j e (r). Main advantages of the e-lenses are: a) the electron beam acts on high-energy beams only through EM forces, with no nuclear interactions; b) fresh electrons interact with the high-energy particles each turn, leaving no possibility for coherent instabilities; c) the electron current profile (and, thus, the EM field profiles) can easily be changed for different applications -see Fig.16 ; d) the electron-beam current can be quickly varied, e.g, on a time scale of bunch spacing in accelerators -see Fig.17 .
Two electron lenses were built and installed in A11 and F48 locations of the Tevatron ring. They use 1-3 A, 6-10 kV e-beam generated at the 10-15 mm diameter thermionic cathodes immersed in 0.3T longitudinal 
.
In the long-range beam-beam compensation (BBC) experiments [12] , large radius electron beam was generated At the same time, the lifetime of bunch #36, an equivalent bunch in the third bunch train, remained low and did not change significantly (at 13.4 hours lifetime). When the TEL current was turned off for fifteen minutes, the lifetimes of both bunches were, as expected, nearly identical (16 hours). The TEL was then turned on again, and once again the lifetime for bunch #12 improved significantly to 43 hours while bunch #36 stayed poor at 23.5 hours. This experiment demonstrates a factor of two improvement in the proton lifetime due to compensation of beam-beam effects with the TEL. The proton lifetime, dominated by beam-beam effects, gradually improves and reaches roughly 100 hours after 6-8 hours of collisions; this is explained by a decrease in antiproton population and an increase in antiproton emittance, both contributing to a reduction of the proton beam-beam parameter. To study the effectiveness of BBC later in the store, the TEL was repeatedly turned on and off every half hour for 16 hours, again on bunch #12. The relative improvement R, defined as the ratio of the proton lifetime with the TEL and without, dropped from R=2.03 to R=1.0 in about 10 hours. At this point, the beam-beam effects have become very small, providing little to compensate. Similar experiments in several other stores with initial luminosities ranging from L 0 =1.5·10 32 cm -2 s -1 to 2.5·10 32 cm -2 s -1 repeated these results [13] . Results of many experiments with TEL are reported in Ref. [13] , studies of non-linear BBC with Gaussian electron beam current profile are presented in Ref. [14] . TELs were not used routinely for the BBC in the Tevatron because beam-beam losses were effectively controlled by other means described in the Section above. Numerical simulations [15] predict beneficial effect of electron lenses on the ultimate intensity LHC beam lifetime. Besides the BB compensation, the TELs were used to for the operational abort gap beam removal [16] see 
SUMMARY
The beam-beam effects in the Tevatron turned from "tolerable" (in the Collider Run I) to "very detriemental" (early Collider Run II). We experienced a broad variety of the effects -in both beams, at all stages of the cycle, long-range and head-on. The Tevatron team has been able to address them and provide critical contribution to more than 30-fold luminosity increase by the end of Run II -see Fig.23 . We have also enriched beam physics by experimental studies, development of advanced theory and trustable modelling tools to simulate the beam-beam effects, development of the electron lenses and first demonstration of active beam-beam compensation. 
